The testis is an immunoprivileged site where local cellinitiated innate immunity plays a crucial role in antimicrobial responses. Toll-like receptors (TLRs) mediate innate immune responses in testicular somatic cells. Although several TLRs are expressed in some stages of male germ cells, the potential role of TLRs in triggering antimicrobial responses in the germ cells has yet to be exclusively studied. The current study demonstrates that TLR3 is constitutively expressed in spermatogonia and spermatocytes and can be activated by a synthetic doublestrained RNA analog, polyinosinic-polycytidylic acid. TLR3 activation in these male germ cells up-regulates the expression of proinflammatory cytokines, such as interleukin IL1B, IL6, and tumor necrosis factor alpha, through activation of nuclear factor kappa B; it also induces production of type 1 interferons (IFNA and IFNB) through the activation of IFN regulatory factor 3. In addition, TLR3 activation increases the production of two major antiviral proteins, namely, double-stranded RNA-activated protein kinase and MX1 protein, by germ cells. Data in this article describe an antiviral response of male germ cells through the activation of TLR3 in vitro.
INTRODUCTION
Systemic and reproductive tract local inflammation may impair male fertility. Therefore, immunology of the male reproductive tract represents one of the most intriguing conundrums of male reproduction [1] . The testis is a remarkable immunoprivileged site. However, infections of the testis are usually overcome, suggesting that an active and efficient immune response against pathogens can be locally generated [2] . Growing evidence shows that the local testicular somatic cell-initiated innate immunity plays an important role in the defense against invading microbial pathogens [3] . Previous studies have indicated that spermatogonia possess antiviral responses to viral infections [4, 5] . However, the function and mechanism of male germ cell-mediated testicular defense against pathogens remain incompletely understood.
Toll-like receptors (TLRs) are a set of transmembrane proteins that recognize highly conserved, pathogen-coded molecular structures called pathogen-associated molecular patterns [6] . TLR activation by pathogen recognition presents an important mechanism of immunity, resulting in the killing and clearance of pathogens [7] . The respective ligands of most TLRs have been identified [8] . For example, TLR3 recognizes double-stranded RNA (dsRNA), which can be produced by many viruses during replication, and can be activated by a synthetic dsRNA analog, polyinosinic-polycytidylic acid (poly [I:C]) [7] . After ligand binding, the TLR conformation is changed and followed by the recruitment of Toll/IL1 receptor (TIR) domain-containing adaptors, including the myloid differentiation protein 88 (MYD88) and TIR domain-containing adaptor protein-inducing interferon (IFNB; TRIF, official symbol TICAM2); both are responsible for the activation of two distinct signaling pathways, namely, the MYD88-dependent and TICAM2-dependent pathways. With the exception of TLR3 and TLR4, all other TLRs activate exclusively through the MYD88-dependent pathway. TLR3 activation triggers exclusively the TICAM2-dependent pathway, whereas TLR4 initiates both the two pathways. The TICAM2-dependent pathway leads to the activation of both interferon regulatory factor 3, which induces the expression of type 1 interferons (IFNA and IFNB), and nuclear factor-jB (NFKB), which upregulates the production of various proinflammatory cytokines such as interleukin IL1B, IL6, and TNF (also known as TNFa). The MYD88-dependent pathway results in the activation of NFKB and various mitogen-activated protein kinases [8] .
TLRs are expressed prominently in circulating sentinel cells, such as dendritic cells and monocytes or macrophages [9] . They are also expressed in the epithelial cells of tissues that are in contact with a microorganism-rich environment, such as the reproductive tract [10, 11] and intestine [12, 13] , gastric area [14] [15] [16] [17] , and uterine lining [18] . Recent studies demonstrated that murine testicular somatic cells express TLRs and initiate testicular innate immunity through TLR activation [19] [20] [21] [22] [23] . Although spermatogonia exhibit antiviral responses [5] , the mechanism of germ cell-initiated innate immunity remains unknown. The current study demonstrates that spermatogonia and spermatocytes express TLR3, which triggers antiviral response. Data provide novel insights into the role of male germ cells as a line of defense against viral infections.
MATERIALS AND METHODS

Animals
C57BL/6J strain mice were procured from the animal facility of Peking Union Medical College (Beijing, China). The mice were housed under pathogen-free conditions with a 12L:12D cycle and had free access to food and water. The mice were handled in accordance with the Guidelines for the Care and Use of Laboratory Animal as approved by the Chinese Council of Animal Care.
Antibodies
Rabbit anti-IjBa (NFKBIA) (sc-371), anti-NF-jBp65 (RE-LA) (sc-372), and anti-IRF3 (sc-9082) polyclonal antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-phospho-p38 (No. 4631) monoclonal antibodies, rabbit anti-phospho-p65 (No. 5970), and antiphospho-IRF3 (No. 3661) polyclonal antibodies were purchased from Cell Signaling Technology (Beverly, MA). Mouse anti-TLR3 (Ab 13915) monoclonal antibodies were purchased from Abcam (Cambridge, U.K.).
Isolation of Primary Germ Cells and Macrophages
Total male germ cells were isolated from 5-wk-old C57BL/6J mice. Mice were anesthetized with CO 2 and then killed by cervical dislocation. The testes were decapsulated and incubated with 0.5 mg/ml collagenase (Sigma, St. Louis, MO) at room temperature for 15 min with gentle oscillation. The suspensions were filtered through 80-lm copper meshes to remove interstitial cells. The seminiferous tubules were cut into small pieces (;1 mm) and incubated with 0.5 mg/ml hyaluronidase (Sigma) at room temperature for 10 min with gentle pipetting. After filtration through 80-lm copper meshes, cell suspensions were collected and cultured in F12/DMEM (Life Technologies, Grand Island, NY) supplemented with 10% fetal calf serum (Life Technologies). The cells were maintained in a humidified atmosphere containing 5% CO 2 at 328C for 4 h. Testicular somatic cells attached onto the culture dishes, and the germ cells were recovered by collecting nonadherent cells. The purity of germ cells was more than 95% based on assessment by examining cell nuclear morphology after staining with 4 0 ,6-diamidino-2-phenylindole (DAPI). The contamination by testicular somatic cells was further excluded by detecting respective marker genes. Germ cells without significant contamination by testicular somatic cells were used in the study.
The resident peritoneal macrophages were isolated from same mice. Briefly, the peritoneal cavities were lavaged with 5 ml cold PBS. The peritoneal cells were cultured in RPMI-1640 supplemented with 10% fetal calf serum on culture dishes in a humidified atmosphere containing 5% CO 2 at 378C. After 24 h, suspending cells were removed by washing with PBS, and the macrophages attached on dishes were identified by immunostaining for F4/80 (EMR1; a molecular marker of macrophages), and the purity of the cells was more than 90%.
Three stages of germ cells, namely, spermatogonia, spermatocytes, and spermatids, were enriched from mouse testes at 7, 21, and 35 days of age, respectively, by velocity sedimentation at unit gravity following procedures described previously [24, 25] . The purity of each cell type was assessed by cell nuclear morphology after staining with DAPI according to the manufacture's introduction and confirmed by detecting marker genes. Germ cells were treated with poly (I:C) in serum-free F12/DMEM medium.
Real-Time qRT-PCR
Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The RNA was treated with RNase-free DNase I (Invitrogen) and confirmed the absence of genomic DNA by PCR. The RNA (1 lg) was reverse transcribed into cDNA in a 20-ll reaction mixture containing 2.5 lM random hexamers, 2 lM dNTP, and 200 U Muloney murine leukemia virus reverse transcriptase (Promega, Madison, WI). The qRT-PCR was performed in a 20-ll reaction mixture containing 0.2 ll cDNA, 0.5 lM forward and reverse primers, and 10 lL 2 3 Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA) using an ABI PRISM 7300 real-time cycler (Applied Biosystems). The mRNA levels of the target genes were normalized to b-actin using the comparative threshold cycle method, as described in Applied Biosystems User Bulletin No. 2 (P/N 4303859). Table 1 lists the primers used for qRT-PCR.
Immunohistochemistry
Testes from 5-wk-old mice were fixed in Bouin solution. After embedding in paraffin, the testes were cut to a thickness of 5 lm. The sections were incubated in PBS containing 3% H 2 O 2 for 15 min to block endogenous peroxidase activity, soaked in citrate buffer, and then microwaved at 1008C for 10 min for antigen retrieval. After blocking with 5% normal bovine serum, the sections were incubated overnight with the primary antibodies at 48C. After rinsing with PBS, the sections were incubated with the appropriate biotinylated secondary antibodies (Zhongshan, Beijing, China) at room temperature for 30 min. Streptaridin-peroxidase activity was visualized via the diaminobenzidine method. Negative controls were incubated with preimmune serum instead of the primary antibodies. The sections were counterstained with hematoxylin and mounted for observation. 
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WANG ET AL.
Western Blot Analysis
The germ cells were lysed using a lysis buffer (Applygen Technologies Inc., Beijing, China). Protein concentration of the cell lysates was determined using micro-bicinchonic acid (Pierce Biotechnology, Rockford, IL). Equal amounts of protein were separated on 10% gel and subsequently electrotransferred onto polyvinyl difluoride membranes (Millipore, Bedford, MA). The membranes were blocked for 1 h in Tris-buffered saline (TBS) containing 5% nonfat milk and incubated overnight with the primary antibodies at 48C. After washing twice with TBS containing 0.1% Tween 20, the membranes were incubated with the appropriate peroxidase-conjugated secondary antibodies (Zhongshan) at room temperature for 1 h. Antigen-antibody complexes were visualized using an enhanced chemiluminescence detection kit (Zhongshan).
ELISA
The cells were cultured in 24-well plates at 328C at a density of 5 3 10 5 cells/well and stimulated with poly (I:C) for 16 h in a serum-free medium. Cytokine production in the culture medium was measured using ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions.
Statistical Analysis
Data are presented as mean 6 SEM. Student t-tests were used to determine significance between cell types or treatments. One-way analysis of variance with Bonferroni's corrections was used for multiple comparisons. The calculations were performed using the SPSS version 11.0 statistic software package (Chicago, IL). Values of P , 0.05 and P , 0.01 were considered significant and very significant, respectively.
RESULTS
TLR Expression in Male Germ Cells
Total male germ cells were isolated from 5-wk-old C57BL/ 6J mice. Absence of somatic cell contamination in the germ cell preparation was confirmed using real-time qRT-PCR since mRNAs of marker genes for testicular somatic cells, including 3-hydroxysteroid dehydrogenase (Hsd3b) for Leydig cells [26] , Wilms tumor nuclear factor 1 (Wt1) for Sertoli cells [27] , F4/80 (Emr1) for macrophages [28] , and fibronectin (Fn) for peritubular myoid cells [29] , were negative (Fig. 1A) . In contrast, mRNA levels of marker genes for germ cells (Kit for spermatogonia, synaptonemal complex protein [Sycp2] for spermatocytes, and protamin 2 [Prm2] for spermatids) were relatively high in germ cells compared with the testis. The mRNA levels of all Tlr genes in germ cells were analyzed using real-time qRT-PCR and compared with peritoneal macrophages from the same mice. A comparable Tlr3 mRNA level was detected in the germ cells and the macrophages, whereas the mRNA levels of other Tlr genes were low or negative in the germ cells (Fig. 1B) . The TLR3 protein was detected in germ cells using Western blot (Fig. 1C) , consistent with mRNA. The results indicate that the mouse male germ cells constitutively express TLR3.
Activation of TLR3 in Germ Cells
TLR3 stimulation triggers signaling that leads to the activation of transcription factors NFKB and IRF3, both of which are characterized by their phosphorylation. RE-LA and IRF3 were phosphorylated in primary germ cells following poly (I:C) treatment (Fig. 2A) . The phosphorylation of NFKB and IRF3 was detected after 1 h and reached peak levels 2 h after treatment. The phosphorylation of RE-LA requires ubiquitin-mediated NFKBIB degradation. Accordingly, poly (I:C) induced NFKBIA degradation in correspondence with the dynamics of RE-LA phosphorylation (Fig. 2B) . Poly (I:C) induced phosphorylation of RE-LA and IRF3 in a dosedependent manner and reached a plateau at a concentration of 
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FIG. 2. TLR3-mediated activation of NFKB and IRF3 in germ cells (Gc). NFKB and IRF3 phosphorylation (A) and NFKBIB degradation (B). The cells were stimulated using 20 lg/ml poly (I:C) for the indicated duration, and the cell lysates were analyzed via Western blotting using specific antibodies. C) Dosedependent effects of poly (I:C) on NFKB and IRF3 activation. The cells were treated with poly (I:C) at the indicated doses for 2 h. NFKB and IRF3 phosphorylation was determined using Western blotting. D) TLR3 dependency of poly (I:C)-induced NFKB and IRF3 activation. The cells were treated for 2 h either with 20 lg/ml poly (I:C) alone or with poly (I:C) after a 2-h preincubation with monoclonal antibodies against TLR3 (Ab-TLR3). NFKB and IRF3 phosphorylation was detected via Western blotting using specific antibodies. The images are representatives of three experiments, and data represent the mean of the values from three experiments (n ¼ 1 mouse each experiment). **P , 0.01 for the indicated comparison by marks. 20 lg/ml (Fig. 2C) . To confirm that poly (I:C)-induced phosphorylation of RE-LA and IRF3 was mediated by TLR3, neutralizing antibodies against TLR3 (Ab-TLR3) were used to inhibit TLR3 function. Figure 2D shows that Ab-TLR3 significantly inhibited poly (I:C)-induced phosphorylation of RE-LA and IRF3. These results suggest that TLR3 can be activated by its ligand in male germ cells, thereby triggering signals that lead to the activation of NFKB and IRF3.
TLR3-Mediated Inflammatory Cytokine Production
Given that TLR3 activation triggers the TICAM2-dependent pathway leading to the induction of various inflammatory cytokines, the expression of inflammatory cytokines in the germ cells in response to poly (I:C) stimulation was examined. Poly (I:C) significantly induced the expression of major inflammatory cytokines, such as Il1b, Il6, and Tnf, at the mRNA level (Fig. 3A) . Peak mRNA levels were observed 4-6 h following poly (I:C) stimulation. Moreover, Ifna and Ifnb were significantly up-regulated in the germ cells by poly (I:C) (Fig. 3B) and reached peak levels 8 h after stimulation. The secretion of these cytokines by male germ cells was measured using ELISA. At 16 h after poly (I:C) stimulation, the concentration of the cytokines in the culture media significantly increased (Fig. 3, C and D) . In controls, pretreatment of the cells with Ab-TLR3 significantly inhibited poly (I:C)-induced augmentation during cytokine secretion. [5] . The effects of poly (I:C) on the expression of these antiviral proteins were examined in primary male germ cells. Real-time qRT-PCR results showed that poly (I:C) significantly up-regulated the mRNA of Oas1 and Mx1 in a time-dependent manner (Fig.  4B) , whereas EIF2AK2 expression was not affected. Maximum levels of OAS1 and MX1 were observed 10 h after poly (I:C) treatment. TLR3 antibodies (Ab-TLR3) significantly inhibited poly (I:C)-induced increases in the mRNA levels of Oas1 and Mx1 (Fig. 4B) . Consistent with the mRNA results, all three proteins were detected in germ cells at basal conditions by Western blot. Poly (I:C) significantly increased OAS1 and MX1 production and did not affect EIF2AK2 at the protein level (Fig. 4C) . Ab-TLR3 significantly inhibited poly (I:C)-induced OAS1 and MX1 production.
Up-Regulation of Antiviral Proteins by TLR3 Activation
Expression and Function of TLR3 in Different Stages of Germ Cells
Immunohistochemistry showed that TLR3 is prominently expressed in the early stages of germ cells, including spermatogonia and spermatocytes, and in testicular somatic cells, including Sertoli and interstitial cells (Fig. 5A) . Three stages of germ cells, including spermatogonia, spermatocytes, and round spermatids, were isolated. The purity of each cell type was more than 90% based on an assessment by cell nuclear morphology after staining with DAPI, and this was further confirmed by detecting marker gene expressions (Fig.  5B ). Both the mRNA (Fig. 5C) and protein (Fig. 5D ) of TLR3 were detected in spermatogonia and spermatocytes but not in round spermatids. Accordingly, poly (I:C)-induced up-regulations of inflammatory cytokines (Fig. 6A ) and type 1 interferons (Fig. 6B) were observed in spermatogonia and spermatocytes but not in round spermatids. Evident mRNAs of Tnf and Ifnb were detected in round spermatids at basal conditions but not up-regulated by poly (I:C).
Three antiviral protein genes showed significant variance in stage-dependent expression in male germ cells and in response to poly (I:C) stimulation (Fig. 6C) . EIF2AK2 was evidently expressed in the three stages of germ cells, whereas MX1 and OAS1 were moderately expressed in spermatogonia at basal conditions. Poly (I:C) significantly up-regulated the expressions of OAS1 and MX1 in spermatogonia and spermatocytes and did not affect PKR expression. However, mRNA levels of Oas1 and Mx1 were very low in round spermatids before and after poly (I:C) stimulation.
DISCUSSION
Although the testis is an immunoprivileged site, infections of the testis by invading microbial pathogens are usually counteracted, indicating that an efficient defense system against pathogens is locally generated. The interstitial compartment represents the first line of defense against pathogens in circulating blood; interstitial immune cells, especially macrophages, play an important role in this defense [30] . Leydig cells   FIG. 3 . TLR3-mediated up-regulation of inflammatory cytokine expression. A, B) Up-regulation of the cytokine expression by poly (I:C). Total RNA was extracted from germ cells after treatment with 20 lg/ml poly (I:C) for the specified duration. The relative mRNA levels of the cytokines were quantified using qRT-PCR. b-actin (Actb) was used as an internal control. C, D) Cytokine secretion in the culture medium. The cells (10 6 cells/ml serum-free medium) were treated for 16 h with either poly (I:C) alone or with poly (I:C) after a 2-h preincubation with TLR3 antibodies (Ab-TLR3). The media were measured for cytokines using ELISA. Data are the mean 6 SEM of three experiments (n ¼ 1 mouse each experiment). *P , 0.05, **P , 0.01, for the indicated comparison by marks.
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in the interstitium of mice exhibit innate immune functions against pathogens through the activation of TLR3 and TLR4 [22] . Previous studies demonstrated that Sertoli cells initiate testicular immune responses through the activation of TLRs [19, 20, 23 ]. In the current study, mouse spermatogonia and spermatocytes were found to exhibit antiviral responses through TLR3 activation. The results provide a novel insight into the role of the male germ cells in the defense against pathogens.
TLR3 presents a primary sensor for invading viruses and recognizes dsRNA produced by viruses during replication. TLR3 activation initiates the TICAM2-dependent pathway leading to the activation of transcription factors NFKB and IRF3 [31] and subsequently induces the expression of inflammatory cytokines [32] . In accordance with these observations, activation of NFKB and IRF3 as well as upregulation of inflammatory cytokines, including IL1B, IL6, TNF, IFNA, and IFNB, in germ cells following poly (I:C) stimulation were detected.
The testis can be infected by various kinds of virus such as mumps RNA virus [33] , encephalomyocarditis virus [34] , and HIV [35] . Viral infection of the testis impairs spermatogenesis and male fertility and may lead to testicular cancers [36] . Understanding the mechanisms underlying testicular responses Considerable contamination between germ cell types was excluded by analyzing for the following putative marker genes using qRT-PCR: Kit for Spg, Sycp2 for Spc, and Prm2 for Spm (e). C) Germ cell stage-specific TLR3 expression. TLR3 mRNA and protein in the three germ cell types were examined using qRT-PCR. D) TLR3 protein levels in different germ cell types were determined using Western blotting. The images are representatives of at least three experiments. Data are the means 6 SEM of the values from three experiments (n ¼ 5 mice for isolation of germ cells each experiment). Bar ¼ 10 lm.
against viral infection may provide new treatment strategies with which to eradicate viruses. dsRNA can be generated by RNA or DNA viruses during viral infection and recognized by TLR3 to trigger innate antiviral responses [6] . TLR3 expression in the testis has been described in rats and humans [10, 37] . Mouse Sertoli and Leydig cells have been demonstrated to initiate testicular antiviral innate immune responses through the activation of TLR3 [20, 22, 38] . These two types of testicular somatic cells express different patterns of TLRs. Sertoli cells express TLR2-TLR6 [23] , whereas Leydig cells express prominently TLR3 and TLR4 [22] . Although previous studies demonstrated rat male germ cells express TLR3 [39, 40] , its function in the germ cells remain to be clarified. In the current study, we demonstrated in vitro that TLR3 can be activated in mouse male germ cells after stimulation and increase expression of inflammatory cytokines and interferons. Data in the current work validate previous reports that spermatogonia exhibit immune responses against viruses [4, 5] .
TLR signaling plays important role in regulating testicular functions [3] . Major inflammatory cytokines, including TNF, IL6, and IL1B, may regulate spermatogenesis at multiple levels. TNF may play opposite roles in physiologic and pathologic conditions in the testis. TNF is expressed in round The cells were treated with 20 lg/ml poly (I:C) for 6 h. The relative mRNA levels of the cytokines were determined using qRT-PCR. B) Effects of poly (I:C) on type 1 interferons. The cells were treated with 20 lg/ml poly (I:C) for 10 h. The relative mRNA levels of Ifna and Ifnb were examined using qRT_PCR. C) Effects of poly (I:C) on the expression of antiviral protein genes. The cells were treated with 20 lg/ml poly (I:C) for 10 h, and the Oas1, Eif2ak2, and Mx1 relative mRNA levels were determined using qRT-PCR. Data are the means 6 SEM of the values from three experiments (n ¼ 5 mice for isolation of germ cells each experiment). *P , 0.05, **P , 0.01, compared with controls (Ctrl).
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spermatids under physiologic conditions and protects germ cells from apoptosis at low concentrations in normal testis [41, 42] . In contrast, TNF is significantly up-regulated in testicular somatic cells in the testis of experiment autoimmune orchitis (EAO) and induces germ cell apoptosis [43, 44] . Moreover, TNF acts on adherent and tight junction molecules, altering blood-testis barrier permeability and Sertoli germ cell adhesion in rat testis [45] . IL6 can be produced by most testicular cells, including somatic cells and germ cells in normal rat testis [46] . In EAO models, IL6 expression is up-regulated and induces germ cell apoptosis [47] . Although IL1B is weakly produced by the testis under physiologic conditions, up-regulation of IL1B has been observed in testicular inflammatory conditions and may contribute to injuries of the testis [48] . TLR-mediated up-regulation of IL1, IL6, and TNF in testicular cells, including Sertoli [38] , Leydig [22] , and germ cells, may result in testicular damage independent of systemic immune cells during infections. This issue should be particularly considered in male infertility of unknown etiology, which represents 30% of all infertility cases [49] .
In response to viral infections, various cell types initiate antiviral activities by inducing IFNA and IFNB. TLR3-mediated up-regulation of IFNA and IFNB in germ cells may represent a self-defense mechanism against viruses. Three antiviral proteins (OAS1, EIF2AK2, and MX1), which can be produced by different types of testicular cells, construct an antiviral defense system in the rat testis [50] . The current study demonstrated that all these antiviral proteins are expressed in male germ cells, depending on their developmental stage. TLR3 activation significantly up-regulates OAS1 and MX1 expression in spermatogonia and spermatocytes, which may be attributed to the up-regulation of type 1 IFNs, because these antiviral proteins can be induced by IFNA and IFNB in testicular cells [5] . In addition, Sertoli cells and Leydig cells produce considerable amounts of IFNA and IFNB through the activation of TLR3 [22, 38] . The joint antiviral functions of multiple testicular cells could be important for the protection of the testis from viral infections.
In conclusion, male germ cells, particularly spermatogonia and spermatocytes, were demonstrated to initiate innate antiviral responses through the activation of TLR3. Data in the current study revealed TLR-mediated antiviral responses in male germ cells, thus expanding the understanding of the testicular defense system against microbial infections.
